Introduction
In the present scenario, adhesive bonding is seen as an equivalent alternative to the existing classical bonding method in mechanical engineering applications. The use of adhesive enables non-destructive joining in the field of technical textiles [1] as an alternative to the classical stich bonding [8] . For yarn joining, a careful and suitable technique can be guaranteed by the use of binders, which is the main target of the junior researcher project SAXOMAX. Accordingly, a new production technology for multiaxial fabrics will be developed and feasibility studies carried out to examine different binders, surface modification techniques and carbon fibres itself. Therefore, the focus of this work is the investigation of the carbon fibre surface, especially surface structure and morphology as well as surface tension. Surface tension is used to estimate the wettability of the carbon fibre using selected adhesive samples. The investigated fibres have different sizings and tensile strength.
Materials and Methods

Carbon Fibres
Carbon fibres are of interest due to their high mechanical load bearing properties, anisotropic graphite lattice and stiffness [3] . Polyacrylonitrile based carbon fibres were used for the studies. High-tensile (HT) modulus yarns and ultra-modulus strength (UMS) fibre were purchased from Toho Tenax Europe GmbH (Wuppertal, Germany) with two different sizings such as polyurethane (PU) and epoxy (EP). All mechanical properties, as denoted by the manufacturer, are presented in Table 1 . The diameter of all carbon fibre samples was determined with a light microscope.
By the use as composite reinforcement, investigations with X-ray diffraction, high-resolution electron microscopy, scanning electron microscopy (SEM) and contact angle measurements were done to evaluate the wetting and adhesion properties
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Results and Discussion
Microscopic Studies
In order to achieve a good adhesion between the adhesive and the adherend, the surface of the adherend, i.e. its wettability and morphology, has to be known. All investigated carbon fibres show striations and parallel oriented stripes in the SEM images, as shown in Figure 1 . Often, they are frequently filled with the PU or EP sizing. Some of the carbon fibres show imperfections and particles ( Figure 1 ) that can be induced by the sizing or by the intrinsic structure as shown in Figure 2 . This parallel ordered structure is caused by a stretching of the fibrous polyacrylonitrile precursor [6] and is shown in Figure 3 .
as well as the surface morphology. The primary interest was to increase the number of surface active groups to improve the bonding of fibres to the matrix or adhesive. A conventional method is the use of vacuum plasma techniques to introduce oxygen-containing functional groups by oxygen or aliphatic amines by ammonia and nitrogen plasma [9] .
Analysis of the Surface Structure
SEM was used to examine the fibre surface in the micrometre range. The measurements were performed using a highresolution lowvoltage SEM with a field emission cathode Zeiss DSM 982 Gemini. All SEM investigated carbon fibre samples were treated with the same velocity of the plasma torch that presupposes the same processing time.
Determination of Surface Tension
In order to estimate the wetting properties, the contact angle Θ was measured and the surface tension ϒ was calculated by the method of Owens, Wendt, Rabel and Kaelble [4] as:
( 1) This model is used for single filaments and for a sessile drop. In both cases, the contact angle is a parameter of the degree of attraction of the liquid by the substrate and gives the levels of hydrophobicity. . Here, the surface tension was determined using a Krüss K 100 (Krüss GmbH, Germany).
Improving the Surface Energy
A plasma torch (Plasma brush® Pb2, Rheinhausen Plasma GmbH, Germany) was used to modify the surface of carbon fibres with atmospheric plasma. The use of a plasma torch retains the mechanical properties of carbon fibres such as the HT strength and Young's modulus. Different technical gases were employed, such as compressed air, argon and nitrogen. The argon was of industrial grade with 99.999 Vol.% purity, which was purchased from Air Liquide (Düsseldorf, Germany). The used fibres were not cleaned from their sizing.
X-Ray Photoelectron Spectroscopy
It is a proven and significant technique for understanding the surface and predicting the interface behaviour [7] . The information of the surface elemental composition was acquired using a Physical Electronics PHI 5700 ESCA System with an Al Kα anode. The sample depth reached was less than 9 nm. Single peaks were measured with the pass energy of 29.35 eV for high resolution spectra. The binding energies of the X-ray photoelectron spectroscopy (XPS) spectra were analysed at 284 ~ 291 eV for carbon (C1s). The X-ray irradiation was set nitrile groups/surface-free hydroxyl groups (286.7 eV) and graphitic carbon (284.6 eV) [10] . The quantity of the chemical bonds is given in at% (atomic per cent). All investigated energy bands can be found under the C1 signal of the investigated specimens. The XPS technology is an additional technique for determining the polar and dispersing surface-free energies of the fibre. It determines the polar contributions by the exhibited acidic or amphoteric properties [7] .
The initial situation of the surface is characterised by the composition of the particular sizing. The major component of the fibres is carbon followed by oxygen. The fibres also exhibit nitrogen that is a result of the used sizings especially PU. The carbon fibres coated with EP sizing HTS 45 E23 are defined by a high amount of surface-free hydroxyl groups (10.5 at%), carbon-carbon double bonds with 46 at% and bound oxygen as ether group with ~ 18 at%. Compared with this, the carbon fibre with PU sizing (HTS 40 F13) exhibits a comparably low amount of carbon-carbon double groups (12.5 at%) and ether groups (6.1 at%), but a high content of sp3 with 18.7 at% and radical sp3 bonds of 35.8 at%.
According to Figure 3 , the plasma treatment removes the upper layer of the surface. Therefore, the composition of the surface changes as well. The sizing is removed and also new functional groups can be induced. The treatment with compressed air plasma increases the ether groups to 8.2 at% and induces bonded oxygen with an amount of 3.3 at% for the carbon fibre with PU sizing (HTS 40 F13). In the case of treated carbon fibre with EP sizing (HTS 45 E23), the peak of ether groups and double bounded nitrogen remains nearly constant. But the amount of double bounded carbon decreases from 46.2 at% to 30.2 at%. Here, it can be expected that the sizing is removed using plasma and more conventional carbon with sp 3 hybridisation is recognisable. The use of argon atmospheric plasma decreases the amount of free surface hydroxyl groups of PU coated carbon fibre from 35.8 at% to 23 at%. But the quantity of oxygen rich groups increases: bounded oxygen with 5.5 at% and carboxyl groups of 2.2 at%. The surface becomes more polar as well as more active -the hydroxyl groups and the carboxyl groups are responsible for the acidity of carbon fibres [7] . The atomic concentration of oxygen rises
After the plasma treatment, the surface is significantly smoother compared with the original state as can be seen in Figure 3 . The striations and particles on the surface are less obvious and flat. This is shown for the use of compressed air plasma as well as argon plasma. Particles in nanometre scale are found in the samples consisting of PU sized carbon fibres. They are recognisable for both untreated (Figure 3 A and B) and treated samples ( Figure 3 D and F) . They are exposed to the surface after removing the sizing using plasma. The surface is more pristine after the use of argon plasma (Figure 3 E and F) compared with the air plasma (Figure 3 C and D) due to its higher energy.
With regard to the final use and application of a binder system on the carbon fibre surface, the surface becomes clean after the use of a plasma torch and the micro-roughness increases [2] . The sizing is removed by this high energy technique.
Wetting Studies
It can be inferred from Table 2 that the surface tension of all investigated carbon fibres is comparable with each other. Here, only the polar components induced by the functional groups on the surface differ, which in turn depends on their varied sizing. After the treatment with the plasma torch, the polar component decreases.
A smaller velocity corresponds to a higher dwell period. Therefore, there is more time to generate new functional, polar groups. This is shown in Table 3 . Furthermore, the polar component of the untreated samples is greater than the treated ones. This can be induced by removing the sizing using plasma and a lower amount of new generated functional groups afterwards.
XPS Studies
The atmospheric plasma-treated samples were evaluated with XPS measurements. The chemical composition of the surface was studied with the absorption effects of X-rays. The peaks describe different kinds of chemical bonds, for example of carboxyl groups (peak at 289.3 eV), bonded oxygen (287.4 eV), Polyamid, Universität Erlangen-Nürnberg, PhD Thesis, (2009) [2] Blasek, G.; Bräuer, G.: Vakuum, Plasma, TechnologienBeschichtung und Modifizierung von Oberflächen, Teil I, Eugen G. Leutze Verlag KG, ISBN 978-3-87480-257-4, Bad Saulgau, first edition. (2010) [3] Guigon, M.; Oberlin, A.; Desarmont, G.: Carbon, 37(1999 Carbon, 37( ), pp. 1785 Carbon, 37( -1796 as a consequence of the use of argon plasma for both types of fibres. In Figure 4 , it can be seen that the content of oxygen at the surfaces is higher after the argon plasma treatment compared with the untreated sample.
The EP coated carbon fibres show a small increase of oxygencontaining groups and only for ether groups. It is obvious that there is no establishment of oxygen-containing groups such as bonded oxygen and carboxyl groups at the carbon fibre with EP sizing by plasma.
Conclusions
The plasma treatment is a promising technique to improve the surface properties of carbon. It is recognisable that the amount of oxygen at the surface of carbon fibre increases by the use of argon atmospheric plasma technique. The use of compressed air plasma exhibits only a small increase of functionalisation.
A smoothing of the carbon fibre surface through plasma technique is observable by SEM.
In order to increase the wettability of carbon fibres, further investigations need to be done using wet chemical methods such as the nitric acid. Another promising method is the oxy fluorination of the carbon fibres to functionalise and homogenise the surface.
